ABSTRACT
Introduction
The organization of the bilingual mental lexicon has proved to be one of the most controversial topics in the field of bilingualism (Pavlenko, 2009 ). Many researchers agree that the two languages of a bilingual are represented separately at the lexical level (i.e., orthography, phonology). French & Jacquet (2004, p. 88) explained that "support for separate lexical stores came largely from the lack of any convincing evidence of cross language repetition priming". However, there is still considerable debate over the extent of integration at the conceptual level (Francis, 2005; Pavlenko, 2009) . Substantial empirical evidence has been found supporting both a fully integrated conceptual representation on the one hand (Kroll & Stewart, 1994; Potter et al., 1984) , and a distributed representation on the other (De Groot, 1995; Dong et al., 2005; Finkbeiner et al., 2004; Pavlenko, 2009) . Moreover, the 'architecture' of the bilingual lexical memory has been depicted in detail by many different frameworks, for example, the Revised Hierarchical Model (Kroll & Stewart, 1994) , the Shared Asymmetrical Model (Dong et al., 2005) , the Modified Hierarchical Model (Pavlenko, 2009) , and also several computational models, for instance, BIA+ or DevLex II (Zhao & Li, 2010) , to mention a few. In general, proponents of these models agree that there are two levels of representation, (i.e., lexical and conceptual), that are hierarchically organized; however, regarding other aspects, their structures differ, especially when it comes to the theoretical propositions regarding the conceptual level. Under the Revised Hierarchical Model (Kroll & Stewart, 1994) , it is claimed that the conceptual store is fully overlapping across the two languages, whereas the other models claim certain levels of distribution at the conceptual level across the two languages. It has been suggested, however, that the mixed findings reported in the literature are not necessarily due to different cognitive processes being measured, but rather, due to differences in methodology, statistical analyses, and proficiency across the samples of bilingual participants (Grosjean, 1998) . For instance, the comparison of published masked cross-language priming studies made by Schoonbaert et al. (2009) clearly exemplified the variety of task designs (differing prime presentation, use of blank, different length of SOA), variety in the number and type of stimuli used and types of scripts investigated, which could potentially lead to different results. Therefore, in order to address the shortcomings stemming from the use of different methodologies and at the same time to investigate the notion of bilingual sharedness at the conceptual level of representation, a well established and often used paradigm, namely, a priming task in a visual modality is compared with an auditory version of the task in this study. Most previously reported research that relied on an auditory priming task was conducted with monolingual speakers.
Thus, the novel aspect of employing cross-language auditory priming with bilingual speakers is pursued in this investigation. Moreover, the focus of this research is on the representation of conceptual information in the bilingual lexical memory and the possible sharedness or distribution of it. The processing aspect (selective vs. non-selective access) is not being directly examined here. All in all, our aim is to verify if similar outcomes, a priming effect and a priming asymmetry effect, can be observed regardless of the mode of presentation, either visual or auditory. This, in turn, should provide more concrete evidence for conceptual interdependence in bilinguals and indirectly offer support for the RHM (Kroll & Stewart, 1994) .
The Revised Hierarchical Model
The Revised Hierarchical Model (RHM) (Figure 1 ) is probably the only remaining psycholinguistic model that presents the conceptual level of information as fully overlapping.
It proposes separate lexical representations for each language, one for the first language (L1) and one for the second (L2) but one common conceptual representation for both languages. It also assumes that the link between L1 and the shared concepts is stronger than that between L2 and those concepts. The differing strength of connections reflects the fact that bilinguals (especially successive bilinguals) often acquire words in L1 first and they rely a lot on translation from L2 to L1 in order to access meaning of L2 words, especially during early stages of language learning. A number of studies (e.g., Kroll et al., 2002; Sunderman & Kroll, 2006; Talamas et al., 1999) have confirmed the propositions outlined by the RHM. It has also been suggested that bilinguals who are less proficient in L2 use the word association route more often than bilinguals of higher language proficiency, who rely more on the concept mediation route (Talamas et al., 1999) . This developmental aspect captured by the RHM has been seen by many researchers (e.g., Pavlenko, 1999) as the most significant contribution of this framework to the understanding of the bilingual lexical memory.
However, in recent years, the RHM has been subject to a substantial critique. For instance, Brysbaert and Duyck (2010) said that the fundamental principles of the model are questionable due to the fact that there is little evidence for separate lexicons and language selective access. In addition, the strength of the connections between L2 words and meanings seems to be greater than proposed by the model. Consequently, Brysbaert and Duyck (2010) made the suggestion that it is probably time to abandon the RHM and focus on computational models, for example, the Bilingual Interactive Activation Model (BIA) or the BIA+ Model (Dijkstra & Van Heuven, 2002) . However, Kroll et al. (2010) refuted the critique by stating that the original RHM never assumed lexical non-selectivity as little evidence was available supporting this notion at the time when the model was proposed.
Furthermore, Kroll and colleagues (2010) put forth the point that parallel (non-selective) access does not necessarily suggest an integrated lexicon .
Additionally, these authors admitted that the assumption of the RHM about understanding L2 words via L1 translation equivalents was not correct (Kroll et al., 2010) . Nonetheless, evidence as early as 1995 demonstrated that less proficient bilinguals can also employ the concept mediation route, (e.g., in a categorization task) (Dufour & Kroll, 1995) .
Consequently, Kroll et al. (2010) refuted the critique directed towards the model and concluded that even though the RHM is more than fifteen years old, it is still potent enough to account for new findings presented in the field.
The theoretical propositions regarding the conceptual level of representation and the differing strength of the connections between L1 and concepts and L2 and concepts outlined by the model are investigated in this study with a group of bilingual Chinese-English speakers. So far, the great majority of the bilingual memory representation studies have focused on a comparison of Indo-European languages, taking into account the common origin of the languages and similarities that can be found in the given systems. A number of studies compared Dutch-English participants (e.g., De Groot & Poot, 1997; Kroll & Stewart, 1994; van Hell & De Groot, 1998) , Spanish-English participants (e.g., Altarriba, 1992) , CatalanSpanish participants (e.g., Duñabeitia et al., 2010; Guasch et al., 2011) , Dutch-French participants (e.g., Duyck & Warlop, 2009a) and French-English participants (e.g., Smith, 1991; Williams, 1994) and Wang (2013) can be found among those few that investigated the lexical memory representation of Chinese-English bilinguals. These two languages have a number of unique characteristics (e.g., Latin alphabet vs. characters, or sentence final accent vs. tones) that may account for differences in the way information in both systems is represented and processed.
Therefore, the novelty of investigating this pair of languages may reveal insights about the representation of the bilingual mental lexicon that have not been uncovered before.
(Insert Figure 1 about here) 
Priming effect and priming asymmetry
As pointed out by Grainger (2008) , the masked priming paradigm has recently become a key research tool that allows for investigation of all aspects of visual word recognition. Priming enables exploration of how words are stored and connected in memory, and it allows for the measurement automatic cognitive processes (Altarriba & Basnight-Brown, 2009 ).
Furthermore, in masked priming, the primes are presented at such a quick interval that participants tend not to be aware of them; they can only consciously recall target words.
Consequently, masked priming allows for the elimination of translation strategies, whilst at the same time encouraging on-line processing (Kim & Davis, 2003) .
In cross-language priming tasks, in which for instance, a prime is presented in Chinese (L1) and a target in English (L2), the cross-language priming effect has been reported to be asymmetrical. This means that it tends to be stronger from L1 to L2 and weaker as well as inconsistent the other way round (e.g., Finkbeiner et al., 2004; Gollan et al., 1997; Jiang, 1999; Jiang & Forster, 2001; Jin, 1990; Voga & Grainger, 2007) . Various representational and processing accounts have been put forth to give reasons for the asymmetry effect. The representational hypothesis, which is based on the theoretical predictions of the RHM, explains the findings in terms of different strengths of connections between the two languages. That is, semantic priming effects from L1 to L2 should be stronger than vice versa, since the connections between L1 and concepts are stronger than those between L2 and concepts, as exemplified by the RHM (Kroll & Stewart, 1994) . In other words, the representational account implies that if an L1 word is presented as the prime, then it activates more conceptual information, and consequently, a greater amount of conceptual activation is spread to the target L2 word, whereas the same pattern is not true for the reverse direction (Basnight-Brown & Altarriba, 2007:956) . This particular explanation is tested in this study.
In addition to the representational hypothesis, there are several other processing accounts that have been put forth. For instance, Grainger and Beauvillain (1988) suggested that the time that is given for L2 prime processing may not be enough for the participants to be able to recognize it, especially if the level of L2 proficiency is low. On the other hand, Gollan et al. (1997) proposed that the L2 prime might be processed more slowly than the L1 target, whereas according to the general activation level hypothesis, L2 is assumed to be less dominant, and therefore an L2 prime would be less active and less available for processing than an L1 prime. Jiang (1999) tested these three processing hypotheses, varying the presentation conditions of primes and targets by introducing a 50ms blank interval (Experiment 3); a 150ms backward mask (Experiment 4); and by presenting targets in two languages in a single block (Experiment 5). The researcher found a strong translation priming effect in the L1 to L2 language condition, but the priming effect in the opposite was smaller
or not visible at all. Therefore, Jiang (1999) concluded that the three processing accounts are not satisfactory and the asymmetry can be better explained in terms of a representationoriented approach. Following Jiang's findings, the priming asymmetry and more specifically, the representational account as outlined by the RHM (Kroll & Stewart, 1994) , is addressed in this study with the use of visual as well as auditory masked priming tasks. Before the design of both paradigms is presented, an overview of priming in an auditory modality from studies with monolingual participants will illustrate the scarcity of available findings and the need to replicate it with bilingual speakers.
Priming in an auditory modality
Previous priming studies that focussed on groups of Chinese-English bilinguals have so far been limited to visual word recognition (e.g., Chen & Ng, 1989; Dong et al., 2005; Jiang, 1999; Jiang & Forster, 2001; Li et al., 2009; Wang & Forster, 2010) . Since Chinese is a logographic system, whereas English is an example of an alphabetic language, this conspicuous difference in scripts could push participants into a bilingual mode (Grosjean, 1998) and skew the results. That is, participants are supposed to view a masked priming task as monolingual in nature when responding to target items in a given language in a blockedlanguage design. However, if they become aware of the primes in the language not attended to this may influence their latencies. The participants might start relying on more conscious strategies while processing the stimuli, (e.g., translation, the expectancy and semanticmatching strategies) (Neely, 1991; Neely et al., 1989) and in consequence, this may influence the automatic language processing. According to Kim and Davis (2003) , these strategies have to be eliminated in order to encourage on-line processing of the stimuli.
In this study, a comparison between a visual priming paradigm and an auditory one is performed in order to address the notion of sharedness at the conceptual level of representation in a bilingual mental lexicon. Holcomb and Neville (1990) compared visual and auditory priming using event related potentials (ERPs) and behavioural measures (RTs).
They reasoned that the behavioural and electrophysiological findings should be alike for the two modalities if the mechanisms are similar. The results, collected from 16 native English speakers from a primed lexical decision task, revealed a robust semantic priming effect in both modalities. Also, the recorded N400 amplitude was smaller when related target items rather than when unrelated words were presented in both the visual and auditory modalities.
However, the ERPs and RTs priming effects in the auditory condition were significantly larger than those for the visual task, they were distributed differently on the scalp, and they differed in the time course of the N400 effect. Based on the above, Holcomb and Neville (1990) concluded that even though there might be an overlap between the priming processes seen in visual and auditory modalities, the processes are not identical. Also, Anderson and Holcomb (1995) examined auditory and visual semantic priming across three stimulus onset asynchronies (SOAs), 0ms, 200ms, and 800ms and demonstrated that the semantic priming effect in the auditory experiment was again greater than in the visual experiment.
Furthermore, it was shown that, in the auditory experiment, the priming effect correlated positively with SOA; it was greater with longer SOAs (0SOA -18ms; 200SOA -57;
800SOA -142ms), whereas in the visual experiment the priming decreased with extended SOA (0SOA -53ms; 200SOA -32ms; 800SOA -19ms). Anderson and Holcomb (1995) concluded that the information from the targets may become available at different rates in the two modalities.
Drawing on the above reported findings and on the assumption that both auditory and visual words share the same concepts, they convey the same meaning and as they "retain the same identity in terms of [their] syntactic, phonological, and orthographic word forms" (Francis et al., 2010, p. 788) , for our study both visual and auditory stimuli were employed.
Although previous studies have demonstrated asymmetries between the two modalities, we predicted similar processing patterns, but longer RTs for the auditory modality. This comparison was employed in order to evaluate a wider cohort of previous results and for possible generalizability of the findings. The specific designs as well as outcomes from the visual and auditory priming tasks are presented separately in the forthcoming sections.
Experiment one -visual priming
The purpose of the first experiment was twofold. First, it was aimed at verifying whether or not the priming effect was observable in an animacy decision task that is conceptually-driven, that is, one that does not rely on the processing of a form level of presented stimuli but on a conceptual one (Durgunolu & Roediger, 1987) . Second, it had the purpose of investigating the notion of the priming asymmetry effect, (i.e., greater magnitude of priming in the L1 to L2 language direction as compared to the reverse condition). Based on the review of previous literature, we predicted a two-way interaction between prime relatedness and language direction, with a priming effect visible from L1 to L2 but not necessarily from L2 to L1.
Language proficiency was controlled for as a possible covariate in the priming asymmetry effect.
Participants
All the participants were recruited from the University of Hong Kong and the Chinese University of Hong Kong, with each completing a primed animacy decision task as well as a language background questionnaire. The information collected from the questionnaires was used to select only those participants who were between the ages of 18 and 25, dominant in 
Materials
The materials comprised 80 pairs of words that were translation equivalents in Chinese and English selected at random from an initial list of 240 items. The stimuli included 30 translation equivalents, 30 unrelated pairs (words in L1 and L2 that did not share meaning) and 20 fillers. Some of the stimuli were chosen from lists used in the studies carried out by Azuma and van Orden (1997) , Ahrens (2000, 2005; , Jiang (2002 Jiang ( , 2004 , and Zeelenberg and Pecher (2003) , whereas the great majority of the words were selected by the authors of this study. The chosen words were concrete nouns, with half representing living entities and the other half non-living things. The living exemplars came from the following categories: people, professions, plants and animals; whereas, the non-living words were examples of things, objects, musical instruments, pieces of clothing, buildings and places.
Previous studies (e.g., Zeelenberg & Pecher, 2003 or Li et al., 2009 ) have included the names of fruit, vegetables and body parts as living exemplars. However, these types of words were not selected as stimuli in this study as they might have been viewed as unclear. For example, words such as peach or stomach are not unanimously understood as living exemplars by either Chinese or English speakers. Furthermore, to reduce the use of the expectancy strategy by the participants, a list of 20 filler words was introduced, which were also concrete nouns denoting living or non-living entities. They were preceded by primes that represented the opposite category, i.e., a living prime preceded a non-living target and a non-living prime was followed by a living target, for example,
-judge. The majority of the selected words were initially chosen in English and translated into Chinese. Once a complete list of stimuli had been prepared, it was verified by two bilingual, Mandarin, Chinese-English speakers.
All of the Chinese words were written in a simplified script; they were two-character lexical units, for example, mǎyǐ (蚂蚁) meaning 'ant' or qìqiú (气球) meaning 'balloon'.
Two-character words rather than the alternative one-character words were chosen due to the fact that the same stimuli were used in both the visual and auditory task. Since Chinese is characterised by a high degree of homophony, it might have been difficult for the participants to recognize single character words without context (Tan et al., 2000) . The English words
were from three to seven letters long (M = 5; SD = 1.1), whereas the Chinese characters varied in complexity from five to 25 strokes (M = 15; SD = 4.4). Owing to the difference in scripts, it was difficult to compare the two languages in terms of length; however, care was taken to ensure that all the Chinese words were bisyllabic and that all the English ones were either monosyllabic or bisyllabic. The printed word frequency for the Chinese words could not be established as the majority of the frequency counts available are provided for single character words, which do not reflect the frequency of bisyllabic characters. Therefore, an alternative source was employed to make sure that all the stimuli were commonly used nouns that were familiar to the participants, namely, a Chinese-English children's dictionary (Amery & Cartwright, 2006) . That is, words that did not exist as entries in the dictionary were removed from the list of stimuli. Two counterbalanced lists comprising 30 target words preceded by translation equivalents and 30 unrelated primes (words that had a different meaning) and 20 fillers were constructed. The participants viewed items from one list only so as to avoid a repetition effect.
The language questionnaire was designed online with the use of the Lime Survey platform and comprised three parts: personal details, a language ability scale, and a language preference section that aimed to establish the: type of bilingualism (late/early, simultaneous/successive), language history, English language ability and language preference.
Design and procedure
The masked priming task was run from L1 to L2 as well as in the opposite language direction.
It was designed based on a similar procedure to that in Jiang ( Each experimental trial consisted of five sequential visual events, as presented in Figure 2 below. First, a forward mask was presented for 500ms in the form of ten hash marks (##########). Apart from acting as a mask for the prime, it also served as a fixation point.
Next, the prime was shown for 30ms 1 , followed by a blank interstimulus interval of 50ms.
Fourth, a row of ten italicised dollar marks ($$$$$$$$$$) was presented as a backward mask for 150ms. The purpose of introducing this was to disguise the prime and also to ensure that the participants would have enough time to process the L2 primes (Jiang, 1999) . Finally, the target word appeared and remained on the screen until the participant responded or until 2500ms had elapsed. The SOA was equal to 230ms and the reaction times were measured from the target's onset until the response was given.
(Insert Figure 2 about here)
The primes and targets were displayed in the middle of a computer screen, with the English and Chinese primes being displayed in font size 36, and the targets in size 48. The
English words were written in the Arial Black (Regular) font, whereas the Chinese ones were written in the SimSum font. The usual presentation of primes in lowercase and targets in uppercase was not possible in this study because of the difference in the scripts. The forward mask and backward mask were displayed in Arial Black font size 36. The type of the characters used as forward and backward masks differed in order to avoid the, so called, popout effect of the prime (Finkbeiner et al., 2004; Schoonbaert et al., 2009 ), a situation that occurs when a prime presented in between two identical masks appears to stand out from the background and thus is visible to the participants. The order of the trials was randomized for every participant. The stimulus presentation, reaction times (RTs), and error rates (ERs) were controlled by Superlab 4.5 software.
1 The prime duration of 30ms was established during a piloting stage of this study. Two different prime durations were chosen initially, 30ms and 45ms. Participants who took part in the 45ms primes display reported seeing the primes consciously. They also reported that some of them (unrelated primes) interfered with their decisions about the target words. On the other hand, the informants who participated in the 30ms prime presentation either reported not seeing the primes at all or said they had seen them, but too briefly to be able to recognise them and for this reason prime duration was set at 30ms in the visual condition. Regarding this, Wang
The experiments took place in a quiet room and each participant was tested individually. First, after a short introduction given by the researcher, the instructions were presented in a written format on the computer screen, either in English or Chinese, depending on which condition of the task the participants were requested to attend to. Next, they practised giving answers in a trial session, which was then followed by the main experiment and the whole procedure lasted about seven minutes.
Results and discussion
Only correct responses were analysed. All outliers (i.e., RTs that were less than 200ms or 2.5SD below or above the participant's mean word reaction time) were removed (2%). Also, 5 items (groom, fox, doll, clown, seal) were discarded from the final analysis 2 . Latency data from the two tasks, (1) L2 to L1 visual priming, (2) L1 to L2 visual priming, were analysed in a single design with a MANOVA 2 in SPSS. Subjects (F₁) and items (F₂) were treated as random variables, RTs and ERs as dependent variables, and prime relatedness (translation equivalents or unrelated words) as well as language direction (L2 to L1 or L1 to L2) as independent variables. Prime relatedness was a within subject variable, and language direction was a between subjects variable in the subject analysis, whereas in the item analysis, these two variables were within item ones. Furthermore, additional analysis including English language proficiency as a covariate was performed (proficiency was measured on the basis of self-ratings aggregated across five language skills). This was motivated by Wang's (2013) (2013) used a 50ms prime display, but used a low in frequency Chinese character (贔) as a forward mask for a better masking effect. 2 It is likely that the word groom might have been understood as broom, the word fox might have been heard as box, and the word clown could have been understood by the participants as cloud or crown. Hence, instead of giving a correct answer ('yes' to a living entity) the participants responded erroneously by pressing a 'no' button. Also, it has to be admitted that the word seal is ambiguous, for it might refer to a living entity, an animal, and also to a non-living thing, namely, a stamp. Furthermore, the word wáwa (娃娃) which stands for a doll in English can be understood in Chinese as a baby (a living entity) or as a doll (a non-living thing). The ambiguity of the items might have led to a high percentage of participants' errors.
findings, which point to the relative bilingual balance in two languages as a more accurate explanation of the priming asymmetry rather than language proficiency alone.
We first report the analysis performed on the RTs. A significant main effect of the prime relatedness was found. This means that the targets that were preceded by translation equivalents, e.g., lǎoshī ( (Insert Table 2 
Experiment two -auditory priming
The second experiment similarly to the first was aimed at addressing the priming effect and the priming asymmetry effect (as before we predicted a two-way interaction between the dependent factors), but it also sought to widen the scope of findings by investigating the conceptual level of representation through the window of the auditory modality. This type of experimental design has not been employed with bilingual speakers before and therefore, it was treated as exploratory in nature. Nevertheless, we predicted that a similar pattern of results to the visual domain (Experiment 1) would be observed, (i.e., a priming effect).
However, the effect would be reported only from L1 to L2 and no effect or a weak one would be observed in the opposite language direction. If information from a bilingual's known languages shares a common memory store, the modality through which this information is accessed should not influence the results obtained. However, a difference in RTs was expected, specifically, quicker responses in the visual modality compared to the auditory one, due to (1) the variation in task designs, and (2) the speed with which participants perceived, accessed, and processed information in the two domains. 
Participants

Materials
The stimuli were the same as in Experiment 1; however, they were presented to the participants in an auditory format via a set of headphones.
Design and procedure
Two versions of the auditory experiments were designed. In one of the sets, the primes were presented in Chinese and the targets in English (L1 to L2), in the other set the language direction was reversed (L2 to L1). Each set consisted of 12 practice trials and 80 experimental ones (60 critical targets and 20 fillers), each beginning with a presentation of white noise that lasted for one second. The white noise resembled a background conversation; however, it was not possible for the listener to determine the topic of the conversation, understand individual words or to determine the language spoken. After the initial 300ms of the 1 sec of the white noise display (forward mask), a time-compressed prime embedded in the white noise was played for a mean duration of 340ms (Chinese primes) or 370ms
(English primes). Once the prime presentation ended, the white noise (backward mask) continued for another 360ms or 330ms. Next, the target was played for a mean duration of The procedure of the auditory priming task resembled those used by Kouider and Dupoux (2005) and Dupoux et al. (2008) . In both of these studies as well as in the current one, the primes were time compressed to 50% of their original duration 3 and they were preceded as well as being followed by white noise (by forward and backward masks). However, the procedure used in this research differed in two aspects. First, the mask was used in the form of a non-language specific background conversation white noise rather than one obtained by reversing the primes. This recording was used because it more closely resembles natural human speech compared to undistinguishable white noise. Secondly, the targets were presented on their own, without white noise. This decision was made to ensure that the target words were clearly audible and easily recognisable by the participants, whereas the primes could not be consciously processed.
The stimuli were presented to the participants through a set of headphones. The words were read out loud by a male native speaker of English or one of Mandarin Chinese, having been recorded and edited with the Cool Edit Pro software. Editing involved trimming each sound before and after the word was spoken in such way that only the word itself was audible.
Also, each prime word was time compressed to 50% of its original duration. The time compressed English primes were from 275ms to 400ms long with a mean of 340ms (SD = 32ms), whereas the Chinese were 325ms to 400ms long with a mean of 370ms (SD = 28ms).
The targets were played at a normal speech rate. That is, the English targets were from 550ms to 800ms presented for a mean duration of 680ms (SD = 64ms), whereas the Chinese ones were from 650ms to 800ms long, with an average of 740ms (SD = 57ms) in length. The audio files with recorded words were presented to the participants by the Superlab 4.5 software and the recording of the RTs started at the onset of each word.
Results and discussion
Analysis was carried out in the same way as for the visual tasks. That is, after the initial trimming of the data, a MANOVA was performed to explore the main effects, followed by an investigation of the simple effects with the use of a paired-sample t-test. In general, these results demonstrate that there was a facilitative effect for the translation equivalents, but only in the L1 to L2 language direction. The overall pattern of the results noted for the auditory modality resembled that of visual one. In other words, the translation equivalents were recognized more quickly than were the unrelated words (priming effect); however, the difference was statistically significant only in the L1 to L2 language direction (priming asymmetry effect).
The comparison of errors conducted on the related (4.2%) and unrelated items (4.5%)
was not statistically significant [F 1 (1, 44) = 0.108, p > 0.05]. However, the language group led to a difference in the reported results in that the participants made more mistakes when responding in the L1-L2 direction (13,7%) compared to the L2-L1 language group (5,3%),
[F 1 (1, 44) = 18.701, p ≤ 0.001]. The participants provided the most erroneous answers when responding in English, which can also be reflective of the fact that they were dominant Mandarin speakers. Finally, the interaction between prime relatedness and language group was near statistical significance [F 1 (1, 44) = 3.777, p > 0.05].
Furthermore, regarding the analysis performed on the auditory data, which included
English language proficiency as a covariate pointed to null effects, no significant difference between prime relatedness and language proficiency was observed [F₁ ( 
General discussion
The results obtained from the visual as well as auditory experiments have shown that the translation equivalents were recognized more rapidly than the unrelated targets in the L1 to L2 language direction. Thus, the observed priming effects suggest that the RHM's representation of the conceptual level also extends to Chinese-English bilingual speakers. The conceptual level is shared, at least for the concrete nouns of translation equivalents that represent both animate entities and inanimate things. Nonetheless, in the opposite language direction, (i.e., from L2 to L1), the participants responded to both types of targets at approximately the same rate. This pattern of results is consistent with a number of previous studies (e.g., Finkbeiner et al., 2004; Gollan et al., 1997; Jiang, 1999; Jiang & Forster, 2001; Keatley et al., 1994) and it demonstrates the priming asymmetry effect. Moreover, the reported asymmetry is in line with the representation account captured by the RHM (Kroll & Steward, 1994) . It seems that the strength of the connections between L1 and concepts is greater than that between L2 and concepts. That is, when the prime is presented in L1, more conceptual information is activated/available for processing and therefore, a stronger priming effect can be observed, whereas in the opposite language direction a weak effect or even inhibition (a negative effect) is observed in some cases (e.g., Finkbeiner et al., 2004; Jiang, 1999; Keatley et al., 1994) . The asymmetry reported in this study is not unusual, for there have been a substantial number of investigations that have found a strong priming effect from L1 to L2, but a weak and inconsistent one in the opposite direction (e.g., Gollan et al., 1997; Jiang, 1999; Jiang & Forster, 2001; Keatley et al., 1994) .
More recently, there have been several studies (e.g., Basnight-Brown & Altarriba, 2007; Duñabeitia et al., 2010; Duyck & Warlop, 2009b; Perea et al., 2008; Schoonbaert et al., 2009 ) that have shown a significant priming effect also in the L2 to L1 direction, but the effect was still smaller in magnitude than that from L1 to L2. Duñabeitia and colleagues (2010) made a comparison of several studies and attributed the asymmetry to the fact that the reviewed studies were conducted with unbalanced, non-simultaneous bilinguals. In the current study, the participants were dominant in Mandarin Chinese and most of them acquired English sequentially to Chinese. Hence, the priming effect was reported from the dominant language (L1) to the less dominant (L2) language, but it was not visible in the opposite direction. Furthermore, Duyck and Warlop (2009) reported that this priming effect from L2 to L1 has been found in experiments conducted with bilingual speakers living in an L2 dominant environment. The participants who took part in the current study were living in a fairly mixed linguistic environment, they used English at university, but Mandarin Chinese at home and with friends; however, they were still dominant in their L1. This might be yet another reason why the priming effect was not observed with this group of participants in the L2 to L1 language direction. Finally, as indicated by Wang (2013) , language proficiency itself may not explain the priming asymmetry; the relative bilingual balance in two languages seems more accurate. In this study, language proficiency, which was recognised as a possible confound, did not play a role in the results obtained. The individual groups of participants were comparable in terms of their levels of English language knowledge; however, Chinese was their dominant language (i.e., reported by the participants as dominant in the language questionnaire and confirmed by the high percentage of errors in the L1-L2 language direction in the auditory modality). Language dominance can be seen here as a factor contributing to the priming asymmetry effect.
Additionally, the priming effect reported in the auditory modality in the L1 to L2
language direction appears to be greater in magnitude (284ms) than the effect in the visual modality (120ms). This suggests that while the priming effect and the asymmetry effect were present in both modalities, there are most likely differences in processing between the two.
The results from this study resemble those obtained from monolingual investigations by Anderson and Holcomb (1995) and Holcomb and Neville (1990) , that is, the priming effect was greater for the auditory modality than for the visual. This difference in response times might be attributed to the fact that "auditory stimuli cannot be recognized on the spot with the onset of stimulus presentation like visual stimuli but need to be at least partly articulated before the word can be identified" as explained by Degner (2011 Degner ( , p. 1718 . In Anderson and
Holcomb's investigation, participants also gave slower answers to auditory stimuli than to visually presented words. The same pattern of findings was found by Holcomb and Neville, with Anderson and Holcomb (1995, p. 189 ) attributing these differences to two possible sources, "the availability of information over time or the attentional influences". This All in all, it has been shown in this study that an auditory task involving priming is a reliable investigative technique. It can be used well with bilingual participants in the form of a cross language priming task. Furthermore, the pattern of results obtained in the auditory task resembles that demonstrated in the visual one, (i.e., a priming effect, and a priming asymmetry effect). However, the applicability of the method needs to be explored further by applying a more constrained experimental design. First of all, the duration of the primes needs to be adjusted. As shown by Kouider and Dupoux (2005) , the most robust subliminal priming effects can be observed when the primes are time compressed to 70% of the original duration (normal speech rate). Second, the type of mask has to be chosen carefully. It should resemble conversational or speech-like noise and most likely should be played continuously with the primes and targets being superimposed onto it. In this way, the experiment would appear more as a natural conversational situation (a gathering or a party-like situation), where from background noise one can decipher emerging snippets of conversation, (i.e., the target words during the experiment). This procedure should increase the ecological validity of the task. It is also important to verify whether tone, accent or the choice of female and male voices can influence the processing. It is likely that, for example, highly accented speech can push participants into a bilingual mode and lead to non-selective language processing, which would further have impact on the observed priming effect. Furthermore, other types of words (e.g., low frequency words or abstract words) should be investigated with this new paradigm to address sharedness at the conceptual level of representation in the bilingual mental lexicon.
To strengthen the validity of the task, the translation should be normed in both directions as, for instance, doll -娃娃 /wáwa/ (doll or baby) might be much stronger than the translation applied in the opposite direction, (i.e., 娃娃 -doll). Nonetheless, the auditory priming task is seen as a useful technique that should be further developed and employed in investigations involving bilinguals. It can be employed with children, blind participants and less fluent L2 speakers (less proficient literates) to shed more light on the auditory language processing (Degner, 2011) and consequently, on the way in which conceptual information is stored in memory.
To sum up, the findings presented in this study can substantiate the theoretical predications of the RHM (Kroll & Stewart, 1994) in their original form. That is, evidence has been found for both a shared conceptual level of representation (priming effect in both the visual and auditory modalities) as well as for the differing strengths of interlexical connections (priming asymmetry effect in both modalities). To understand better the scope of findings obtained in this study, a decision was made to discuss them with reference to a computational model. Previous studies have often referred to BIA+ , which is an extension of the BIA model , for it contains not only orthographic representations and language nodes, but also phonological and semantic
representations. The BIA+ model has been used before to simulate repetition and masked priming and the obtained results were in line with the empirical data .
Here, however, we have chosen to discuss our findings with reference to DevLex-II (Zhao & Li, 2010) (Figure 4 ), which is preferred over the BIA+, as it has been trained on the two languages of interest in this study, (i.e., Chinese and English).
(Insert Figure 4 about here)
DevLex-II has been used to simulate both the priming and priming asymmetry effects.
Specifically, Zhao and Li (2013) implemented it to simulate both translation and semantic priming across Chinese and English under two conditions, (i.e., early vs. late L2 learning). In the experiment conducted by these two researchers, the network learned Chinese as L1 and English as L2, and different learning histories were also simulated, words in both languages were presented to the network at different intervals, with a significant lag for late L2 learning.
It was demonstrated that the data generated by the model was consistent with several previous psycholinguistic studies (e.g., Basnight-Brown & Altarriba, 2007; Schoonbaert et al., 2009) . That is, a stronger priming effect was observed from L1 to L2 than in the opposite language order, (i.e., L2 to L1). Also, the translation priming effect was stronger than that for semantic priming. Finally, the priming effect was stronger in magnitude for the late learners than for the early ones.
The priming asymmetry effect observed in this study is consistent with the one simulated by DevLex-II. Here, the asymmetry is explained in terms of the differing strength of connections between L1 and concepts and L2 and concepts, as represented by the RHM (Kroll & Stewart, 1994) . Zhao and Li (2013) , on the other hand, put forward an interesting alternative to the understanding of the priming asymmetry. According to these researchers, bilinguals might have a richer semantic representation or better understanding of words in L1 as compared to L2 and therefore, there is less confusion or lexical competition between lexical items in that language. However, since "L2 items are represented in more densely populated neighbourhoods and hence have increased lexical competition from their nearby lexical items" (Zhao & Li, 2013:301) , this may lead to an insufficient level of activation (when presented as primes) that will then spread to target words. Furthermore, similarly to the findings presented in this study, Zhao and Li (2013) also observed that bilinguals respond quicker to target words presented in L1 than L2. Here, this difference was attributed to the participants' language dominance in Chinese. However, Zhao and Li (2013) offered an interesting account based on the representation of words in the bilingual lexicon rather than on the participants' level of proficiency. That is, these researchers explained that L2 words are more densely distributed (on semantic maps based on simulations) and therefore there is more lexical competition taking place between different L2 lexical items, which, in turn, leads to overall slower reaction times in L2 in an LDT. DevLex II offers insightful explanations with regard to the priming and the priming asymmetry effects that have not been considered by other psycholinguistic models and this, yet again, endorses the importance of interdisciplinary work.
To conclude this section, both the Revised Hierarchical Model (Kroll & Stewart, 1994) as well as DevLex II (Li, Zhao, McWhinney, 2007) have their strengths, for they allow for the posing of new questions and the formulating of new hypotheses; however, they also face certain limitations. Hence, they should be seen as transitional ones (Pavlenko, 2009 ). Kroll and Tokowicz (2005, p.531) have advocated that memory models need to be able to account for "distinctions between levels of language representations, differences in components of processing associated with unique task goals in comprehension versus production, and the consequences of the developmental aspect of language experience". This statement should be treated as guidance for developing new models that will act as hypothesis generators and as roadmaps (Brysbaert & Duyck, 2010 ) that will aid further our understanding of the bilingual lexical memory's organization and processing.
Conclusions
The Revised Hierarchical Model (Kroll & Stewart, 1994) was tested with reference to
Chinese-English bilinguals in both the visual and auditory modalities. Despite language distance, it was demonstrated that Chinese-English bilinguals have a shared conceptual level of representation (priming effect) and that they activate more conceptual information when accessing the meanings of words in L1 (priming asymmetry effect) in both modalities. It has also been shown that cross-language priming in an auditory modality can be observed and that this type of task should be further exploited by carrying out future investigations with a more constrained experimental design. Nevertheless, this study was conducted with a group of L1-dominant Chinese-English bilinguals and employed only concrete nouns as stimuli. To extend the findings of this research, future work should look more into processing and representation of words that have multiple meanings/multiple translations, abstract nouns or verbs with multilingual groups of participants. Pursuing such research avenues will help validate findings that so far have been limited to bilingual, mostly Indo-European groups of participants, and at the same time will provide a more comprehensive picture of an otherwise rather skewed picture (Pavlenko, 2009) 
